We studied the spin torque efficiency and the Dzyaloshinskii-Moriya interaction (DMI) of 
I. Introduction
The Dzyaloshinskii-Moriya interaction (DMI) emerges at interfaces between heavy-metal (HM) and ferromagnetic-metal (FM) layers and stabilizes chiral magnetic textures [1] [2] [3] . Chiral domain walls [4] [5] [6] [7] and magnetic skyrmions [8] [9] [10] [11] have been observed in systems with large DMI.
In particular, the Pt/Co interface 4, 5, [8] [9] [10] [11] is used as a platform to study static and dynamic properties of chiral magnetic textures owing to its large DMI.
The sign (i.e. chirality) and strength of interfacial DMI depend on the combination of materials. Although the exact microscopic origin [12] [13] [14] [15] of the interfacial DMI remains to be identified, significant effort has been placed to develop heterostructures with large DMI. For example, the overall DMI of the system can be increased by sandwiching a FM layer with HM layers that induce opposite magnetic chirality. Reference films E and F are used to study the effect, if any, of the seed layer of Ir on DMI and SOT at the Ir/Co interface: Ir is grown on highly textured Pt(111) 30 surface for reference film F whereas the seed layer of Ir for films A-C and D is Co and amorphous Ta
31
, respectively. (We do not have the information on the structure of the Co layer in films A-C as it is too thin to perform structural characterization.) All films possess sufficiently strong perpendicular magnetic anisotropy so that the magnetic easy axis points along the film normal (i.e. along the z-axis). A summary of the film stacking is presented in Table 1 .
Optical lithography and Ar ion milling were used to form Hall bars from films A-C, E and current is defined as current flow to + x. External magnetic fields were applied along the x, y, and z directions, referred to as ! , " , and # , respectively. DMI, SOT and SMR were evaluated using the patterned Hall bars. For reference film D, Hall bars with w~0.4 mm and L~1.2 mm were formed using a predefined shadow mask during the deposition process.
Magnetic properties of the films were studied using vibrating sample magnetometer (VSM). The saturation magnetization ( $ ) and the effective magnetic anisotropy energy ( %&& ) are estimated from the magnetic easy and hard axes hysteresis loops measured. The nominal FM layer thickness is used to calculate $ . The X layer thickness (d) dependences of $ and %&& for films A and B are shown in the Supplementary material 32 (Fig. S1 ). The results are interpolated to obtain the corresponding value of $ and %&& for the patterned devices made from films A and B. $ and %&& of reference films E and F are summarized in Table 2 .
III. Experimental results and discussions

A. Spin diffusion length of Ir
We first study the SMR was measured while a constant magnitude magnetic field was applied to the sample. The relative angle (q) between the magnetic field and the film normal was varied, as shown in the inset of Fig. 1(a) . The magnetic field was rotated in the yz plane (current flow is along the -axis): under such circumstance the resistance variation against q provides information on the SMR [25] [26] [27] . The applied magnetic field was large enough (~3 T) to align the magnetic moment of the FM layer (CoFeB) along the magnetic field.
The inset of Fig dependence of !! is displayed in Fig. 1(a) . Data are fitted with a sinusoidal function to obtain the resistance difference Δ !! '() when the FM layer magnetization points along the -axis ( !! " ) and the film normal
decreasing Ir layer thickness and shows the largest value at an Ir layer thickness of ~2 nm.
Based on the theory of SMR 26 , the thickness at which Δ !! '() / !! # takes a maximum is roughly two times the spin diffusion length of the spin current generating layer. Although the thinnest Ir layer film exhibits a different resistivity from the other films, these results show that the spin diffusion length of Ir is less than ~1 nm. Combination of short spin diffusion length and high conductivity makes Ir a good spin sink.
B. Current induced shift of the anomalous Hall loop
The anomalous Hall resistance !" was measured against the out-of-plane field # under application of a DC bias current *+ and an in-plane bias field ! . Figure 2 We convert the bias current *+ to assuming that majority of current flows uniformly in the conducting metallic layers (Pt, Co, Ir). (Taking into account the thickness dependent resistivity of each layer changes estimation of the SOT by at most ~10%.) Since the resistivity of the thin Ta underlayer is nearly an order of magnitude larger than the conducting layers and the MgO/Ta capping layer is insulating (the top Ta layer is oxidized), current flow into these layers is neglected for all structures. As evident, %&& # scales linearly with . We thus fit %&& # vs. with a linear function. The slope of the fitted function %&& # / is plotted against ! in Fig. 2 
(d).
Following the analyses of Pai et al. 24 , the ! at which
represents the DM exchange field *( and the saturation value of %&& # ⁄ , which we will refer to as %&& # ⁄ | ,-. , is proportional to the spin torque efficiency */ , i.e. %&& # ⁄ | ,-. = ( /2)(ℏ/2 , 0 ) */ (see also Ref. 33 ). ℏ and are the reduced Planck constant and the electric charge, respectively, , and 0 are the saturation magnetization and the thickness of the FM (Co) layer. Note that the sign of DMI (i.e. the magnetic chirality) cannot be determined from these measurements.
C. Spin-orbit torque
The ! dependence of %&& # ⁄ for reference films E [Sub./1. Table 2 . */ for reference film E is ~0.01. Similar value was reported in Ref.
19
. Since the Ir layer thickness for reference film E is much larger than its spin diffusion length, */ represents the bulk spin Hall angle of Ir (neglecting interfacial effects such as spin memory loss 34 ). */ for reference film F is larger than film E due to the larger spin
Hall effect of Pt placed below the Ir layer. As discussed below, the Ir layer tends to absorb spin current that diffuses in from neighboring layers, and thus */ of reference film F is likely to be smaller than that of Pt 30, 35 . As the sign of %&& # ⁄ | ,-. is the same for films E and Cu, N=3) shows that */ for X=Cu multilayers is smaller than that of X=Ir multilayers. To reveal the role of the X layer on */ more precisely, the SMR of films A-C was measured.
is plotted as a function of d in Fig. 4(b) . Although the yz plane magnetoresistance may contain contributions from other sources, here we assume the relative magnitude is comparable since the Co layer is sufficiently thin (note the anomalous SMR emerges for thicker Co films 29, [36] [37] [38] [39] ) and its thickness is the same for both multilayers. For
significantly smaller for X=Ir multilayers (film A) compared to that of X=Cu (film B). As the spin accumulation at interfaces is proportional to the spin torque efficiency */ , these results are in contrast to the results shown in Fig. 4(a) . Note that the single-repeat multilayer (N=1, X=Ir, film C) shows similar results with those of the corresponding N=3 repeated stacks (film A).
The contradictory results of */ (Fig. 4(a) ) and SMR (Fig. 4(b) ) can be accounted for Table 2 for */ of Ir). Since the bottom Pt/Co interface is the same for both multilayers, the spin torque efficiency depends on the amount of spin accumulation at the top Co interface. For X=Cu (Fig. 5(a) ), the spin current from the top Pt layer (on top of Cu) traverses the Cu layer and impinges on the Co layer, resulting in spin accumulation at the Co/Cu interface. Since the spin currents from the top and bottom Pt layers point to opposite directions, the net torque on the magnetic moments will work against each other. */ of X=Ir (Fig. 5(c) ) is thus larger than that of X=Cu since the Ir layer absorbs the spin current from the Pt layer due to its short spin diffusion length, which results in reduction of the torque compensation. Recently, it was reported that the DMI of the Co/Ir interface may depend on its structure:
in particular, the sign of DMI can change between fcc-based and hcp-based Ir structures 18 .
These studies suggest that the DMI of the Ir/Co (or Co/Ir) interface can be influenced by the layer underneath it which controls the growth mode. The reference films E and F possess structures in which the underlayer of Ir is different from that of the multilayers (films A-C).
The underlayer is Ta and Pt for reference films E and F, respectively, whereas Co is deposited before Ir for the multilayers. The DMI values of the reference films E and F, obtained from the results presented in Fig. 3 , are summarized in Table 2 . Interestingly, | | of reference film E (Ir grown on Ta) exhibits similar magnitude (~1.6 mJ/m 2 ) with that of the Co/Ir interface in the multilayers. We find a smaller | | for reference film F (Ir on Pt): the origin of the difference in DMI between the reference films E and F is not clear.
We also studied current-induced motion of magnetic domain walls in patterned wires made of films with stacking similar to those of reference films E and F. We find the domain walls move along the current flow in all cases, in agreement with the results reported in Ref. 19 .
(Due to strong pinning, it is difficult to move the domain walls along the wire smoothly, which hinders accurate evaluation of the wall velocity.) Since the effective spin Hall angle of Ir has the same sign as that of Pt, these results suggest that the sign of the DMI at the Ir/Co interface is the same as that of the Pt/Co interface. Together with the results presented in Table 2 , we conclude that the Ir/Co interface possesses a DMI that has the same sign as that of Pt/Co and the magnitude is similar.
IV. Summary
We have studied the spin torque efficiency and the Dzyaloshinskii-Moriya interaction 
Magnetic properties of the multilayer films
The saturation magnetization ( ! ) and the effective magnetic anisotropy energy ( "## ) for films A and B are plotted against the X layer thickness (d) in Fig. S1 . 
